Intracellular concentrations of isoniazid and rifabutin resulting from administration of inhalable microparticles of these drugs to phorbol-differentiated THP-1 cells and the pharmacokinetics and biodistribution of these drugs upon inhalation of microparticles or intravenous administration of free drugs to mice were investigated. In cultured cells, both microparticles and dissolved drugs established peak concentrations of isoniazid (ϳ1.4 and 1.1 g/10 6 cells) and rifabutin (ϳ2 g/ml and ϳ1.4 g/10 6 cells) within 10 min. Microparticles maintained the intracellular concentration of isoniazid for 24 h and rifabutin for 96 h, whereas dissolved drugs did not. The following pharmacokinetic parameters were calculated using WinNonlin from samples obtained after inhalation using an in-house apparatus (figures in parentheses refer to parameters obtained after intravenous administration of an equivalent amount, i.e., 100 g of either drug, to parallel groups): isoniazid, serum half-life (t 1/2 ) ‫؍‬ 18. 63 h ؊1 ), and CL ‫؍‬ 11.68 ؎ 7.00 ml ⅐ h ؊1 (1.03 ؎ 0.11 ml ⅐ h ؊1 ). Drug targeting to the lungs in general and alveolar macrophages in particular was observed. It was concluded that inhaled microparticles can reduce dose frequency and improve the pharmacologic index of the drug combination.
Several species of the genus Mycobacterium have evolved to survive in lung macrophages of the mammalian host, leading to granulomatous or latent tuberculosis (TB) (27) . Chemotherapeutic regimens for TB require prolonged administration of multiple drugs through the oral route, but their ability to provide a lasting cure has not yet been established (7) . We (18, 21, 29, 30, 38 ; H. Sen, J. Suryakumar, R. Sinha, R. Sharma, and P. Muttil, 3 September 2003, PCT patent application PCT/ IB2003/004694) and others (19, 23-26, 39, 40) have investigated several aspects of respirable or inhalable microparticles for treatment of pulmonary TB, first proposed by Hickey et al. (22, 33, 34) . Particles developed by our group contain equal amounts of isoniazid and rifabutin and are meant for "adjunct therapy" of pulmonary TB through uptake by alveolar macrophages harboring Mycobacterium tuberculosis and/or related species. It is also speculated that, following uptake of microparticles, uninfected macrophages could traffic to lung areas where infected cells congregate. It has been demonstrated in animal experiments that inhaled microparticles target the drug payload to alveolar macrophages (21, 30) and enhance the efficacy of the incorporated agents (33, 34 ; Sen et al., PCT patent application PCT/IB2003/004694).
The biopharmaceutics of both isoniazid (15, 35, 36) and rifabutin (3, 4, 31, 32) , both in humans and mice, are well known, and good correlations between the two species in terms of both kinetic data and therapeutic outcome have been observed (1) .
This report addresses the single-dose pharmacokinetics of isoniazid and rifabutin in polylactide microparticles administered by dry-powder inhalation to mice. Khuller et al. have extensively investigated the steady-state pharmacokinetics of various anti-TB drugs in different formulations administered to animals by nebulization (23) (24) (25) (26) 40) . Their results generally show a lag time of 3 to 6 h between administration and appearance of drugs in the blood, first-order kinetics of absorption and elimination from the blood, and sustained blood and tissue concentrations over several days. These results arise from the administration of nebulized formulations, often containing particles or vesicles in the nanometer size range. The present investigations were undertaken to establish whether a dry-powder inhalation dose of micrometer-sized particles would behave similarly. Second, single-dose pharmacokinetics following pulmonary delivery were investigated in order to suggest a dosing interval. Since the delivery system is intended for targeting lung macrophages, blood levels were of secondary interest. The principal objectives of this study were to establish the time course of intracellular concentrations in lung macrophages and concentrations in lung lumen and homogenates of remaining lung tissue (the target sites) and the livers and kidneys (primary sites of toxic manifestations).
It was also of interest to examine whether the unusually high efficacy of microparticles reported by us (Sen et al., PCT patent application PCT/IB2003/004694) may also be due to a putative "pharmacokinetic synergy" between the two agents incorpo-rated in them. Sustained rifabutin concentrations following depletion of isoniazid have the potential to reinforce early bactericidal activity (EBA) of the therapeutic regimen and minimize emergence of drug resistance (5, (9) (10) (11) (12) 37) . The present investigation also explores whether the desired pattern of drug concentrations is observed in vivo, as suggested by drug release studies reported earlier (21) . 1 part rifabutin {(9S, 12E, 14S, 15R, 16S, 17R, 18R,  19R, 20S, 21S, 22E, 24Z) (21) . Cell culture media and supplements were obtained from Sigma, and dichloromethane, n-pentane, acetonitrile, methanol, and other reagents and solvents used in the study were of high-performance liquid chromatography (HPLC) or analytical grade.
MATERIALS AND METHODS

Microparticles containing
Drug uptake in cell culture. The human monocyte cell line THP-1 (National Centre for Cell Science, Pune, India) was cultured in RPMI 1640 medium supplemented with 10% fetal calf serum and 1% antimycotic-antibiotic mixture in 96-well culture plates at 37°C, 5% CO 2 , and 95% relative humidity. Prior to experiments, cells seeded at a density of 10 6 cells/well were induced to undergo terminal differentiation into macrophages by incubation in the presence of 20 nM/ml of phorbol myristate acetate for 14 h (13) . At the end of this period, the cells were washed with incomplete medium (without fetal calf serum) three times. Fresh complete medium without antimycotic-antibiotic was added to the adherent cells, and incubation continued for another 10 h.
At 24 h after addition of phorbol ester, a solution of isoniazid in normal saline or of rifabutin dissolved in dimethyl sulfoxide-saline was added to achieve a final concentration of 3 g/ml of either drug in wells assigned. A suspension of microparticles (12 g/ml) containing an equivalent amount of the drugs was added to separate designated wells. Drugs or microparticles were incubated with the cells for the next 2 h, after which the wells were washed five times with incomplete medium and complete medium was replaced. Cells in duplicate wells were then recovered sequentially at various time points and lysed by six cycles of freezing at Ϫ20°C for 1 h followed by thawing at room temperature. Lysates were analyzed by HPLC as described below.
Animals, dosing, and sampling. Animal experiments were conducted after receiving consent of and under the supervision of the Institutional Animal Ethics Committee of the Central Drug Research Institute. BALB/c mice of either sex (25 to 30 g) were bred, housed, and fed ethically in the Laboratory Animals Division of the institute. The dose level selected for the study was 100 g of each drug (ϳ4 to 5 mg/kg of body weight), which is about one-half the recommended daily dose. This dose was selected because the highest efficacy was observed when inhalation doses were administered to experimental animals in combination with oral dosing at one-half the recommended daily dose (Sen et al., PCT patent application PCT/IB2003/004694). A total of 120 mice were used for the study, randomly divided into groups of 4. The following experimental groups were formed. Sixty-four mice were assigned to the isoniazid group. Of these, 32 received inhalation doses, while the remaining were administered intravenous injections of 100 g isoniazid in saline (sterile filtered) through the caudal vein. Animals were administered microparticles by dry-powder inhalation using an in-house inhalation apparatus described elsewhere (21, 29, 30 ; Sen et al., PCT patent application PCT/IB2003/004694). Briefly, about 10 mg of microparticles was charged into the apparatus and fluidized by 30 actuations over 30 s. Mice were restrained with their nares inserted snugly into the fluidization chamber and inhaled the fluidized material under ambient pressure. Starting at 10 min after administration of inhalation doses, sequential sets of four mice each were sampled at 0.5, 1, 2, 4, 8, 12, and 24 h. Animals were administered ketamine-xylazine for deep anesthesia, and their thoracic cavities were opened. Cardiac puncture to exsanguinate the lungs and bronchoalveolar lavage (BAL) were carried out as described elsewhere (21, 29, 30) . In brief, the trachea was cannulated and the lung lobes were repeatedly inflated and lavaged with chilled saline containing 0.5 mM EDTA. Lavage fluids were pooled, and macrophages were counted using a hemocytometer. Immediately after lavage, the lungs, livers, and kidneys were harvested, the fresh weights were recorded, and the tissue was placed in 1 ml of triple-distilled water.
Fifty-six BALB/c mice were assigned to the rifabutin group, subdivided into two groups of 28 animals each as described above. Intravenous administration of rifabutin required dissolution of accurately weighed rifabutin (ϳ2 mg) in 200 l dimethyl sulfoxide and making up the volume with saline to get a solution of 1 mg/ml. As before, four animals were sacrificed at time points of 10 min and 6, 12, 24, 48, 72, and 96 h.
Sample preparation for bioanalysis. Lysates of cultured cells, blood serum, and tissue homogenates were extracted with different solvent systems. Isoniazid was extracted using the procedure of Hutchings et al. (16) with minor modifications (8) . Fifty and 200 l of a solution of 20% (wt/vol) NaCl was added to 200 l of cell lysate or 500 l of serum or tissue homogenate, respectively. Cell lysates were extracted with 1-ml portions of chloroform-butanol (70:30, vol/vol) and serum or tissue homogenates with 3-ml portions by vortexing for 1 min followed by centrifugation at 4,000 ϫ g for 10 min. The supernatant was decanted, the process was repeated three times, and supernatants were pooled. Isoniazid was extracted from the organic phase with 0.5 ml of 30 mM phosphoric acid by vortex mixing for 1 min. The aqueous layer was separated by centrifugation at 4,000 ϫ g for 10 min, and 200 l was aspirated from the top. This was neutralized with 4 l of 4 M KOH just before injection onto the HPLC column.
Rifabutin was extracted from 200 l of cell lysate or 500 l of serum and tissue homogenates. Butylated hydroxytoluene dissolved in acetonitrile was first added to the samples to achieve a final concentration of 0.1%, wt/vol, in order to minimize drug degradation (6) . A solvent system comprising equal parts of dichloromethane and n-pentane was added to the samples (0.5 ml and 1 ml for the cell lysate and serum and tissue homogenates, respectively). The samples were vortex mixed for 1 min and centrifuged at 2,604 ϫ g for 10 min. The organic layer was transferred to a glass test tube. This procedure was repeated three times, and the organic phase was pooled and vacuum dried (Heto-Holten, Denmark). Just prior to injection, the sample was reconstituted in 500 l of methanol and filtered through a 0.22-m filter.
HPLC. A Shimadzu Class VP HPLC system with a Luna C 18 column (5 m, 4.6 by 250 mm; Phenomenex) was used for the analyses. Isocratic elution was carried out with different solvent systems for the two drugs. Isoniazid was eluted with 3% acetonitrile in triethylamine acetate buffer, pH 6.0, at 1 ml/min, with the detector set at 262 nm. The drug eluted at ϳ6 min. Acetonitrile and 0.05 M potassium dihydrogen phosphate, pH 4.10 (55:45, vol/vol), were used to elute rifabutin at 1 ml/min, with the detection wavelength set at 275 nm. Rifabutin eluted at ϳ5.5 min. Standard curves were generated by spiking known amounts of drugs for analysis of tissue, serum, and cell samples. Both methods were validated in accordance with International Conference on Harmonization guidelines, and satisfactory validation parameters were obtained (P. Muttil et al., unpublished data). Briefly, the validation parameters were as follows: linearity, 0.1 to 8 g/ml (rifabutin) and 0.2 to 7 g/ml (isoniazid); limits of detection and quantification, 10 and 20 ng/ml, respectively (rifabutin), and 60 and 200 ng/ml, respectively (isoniazid); inter-and intraday variation (nine quality control samples each), Ϯ20% at 0.5 ng/ml rifabutin and 15 ng/ml isoniazid; and Ϯ15% at 2 or 4 g/ml of both drugs.
Data analysis. Compartmental and noncompartment models were fitted to data obtained by HPLC analysis using WinNonlin, version 5.1. Acceptance criteria for goodness of fit of various modeling approaches, over and above minimization of Akaike's and Schwartz Bayesian criteria (AIC and SBC, respectively), were a correlation coefficient (r 2 ) of Ͼ0.9 and coefficients of variance (CV) of Ͻ25% for each individual pharmacokinetic parameter. Arithmetic means and standard deviations are plotted in concentration-time curves.
Compartment modeling was first attempted for concentration-time data obtained in various experiments. If the acceptance criteria (r 2 Ͼ 0.9 and CV Ͻ 25% for each calculated parameter) were satisfied, the model was adjudged to hold true. Otherwise, noncompartment modeling was employed, and the SBC/AIC criteria were compared with compartment modeling. Further minimization of the AIC and SBC criteria was accepted as evidence of better conformity of the model to the data.
RESULTS
Intracellular drug concentrations in phorbol myristate acetate-differentiated THP-1 cells. Phorbol-differentiated THP-1 cells were exposed to equivalent concentrations of free drugs or microparticles to ascertain the time course of intracellular drug concentrations resulting from treatment with micropar-ticles and/or drugs in solution. It was observed that both drugs were rapidly taken up by the cells, but the kinetics of drug delivery to the intracellular compartment could not be elucidated with acceptable accuracy. As shown in Fig. 1 , in the case of free drugs, peak intracellular drug concentrations of 1.09 and 1.38 g/10 6 cells for isoniazid and rifabutin, respectively, were attained in 10 min. With microparticles, the corresponding figures were 1.31 and 2.03 g/10 6 cells, respectively. Fitting a one-compartment model with no time lag and first-order elimination yielded elimination constants of 0.034 Ϯ 0.01 h Ϫ1 in the case of isoniazid and 0.005 Ϯ 0.001 h Ϫ1 in the case of rifabutin incorporated in microparticles. The corresponding values for isoniazid and rifabutin in solution were 0.369 Ϯ 0.06 and 0.060 Ϯ 0.006 h Ϫ1 , respectively. These results indicated that microparticles deliver effective bactericidal concentrations more rapidly and maintain them for a longer time within the intracellular compartment than free drugs exposed to macrophages. Further, isoniazid concentrations fell within 48 h, while rifabutin was maintained for up to 96 h after a single exposure to microparticles, conforming to the expected performance required for pharmacokinetic synergy between the two agents. These observations also guided our design of sampling schedules in animal studies reported below.
Intracellular concentrations in BAL fluid and macrophages. BAL was carried out at different time points after administration of inhalation doses or intravenous injections to mice in order to examine the time course of lung lumen concentrations. Alveolar macrophages recovered by BAL were assayed to establish intracellular concentrations. As shown in Fig. 2 , intravenous administration resulted in delayed attainment of drug concentrations in the lung lumen. In contrast, inhalation resulted in immediate peak concentrations, since the microparticles were deposited in the lung lumen itself. Further, drug concentrations achieved in the lung lumen after intravenous administration were 2 orders of magnitude lower than contemporaneous concentrations resulting from microparticle inhalation. Pharmacokinetic model fitting was not applied to these data, since the time course of concentrations is demonstrably attributable to deposition of drug-containing microparticles in the lung lumen in the case of inhalation.
Intracellular levels of both drugs rose much slower than was observed in vitro. Isoniazid rose immediately and peaked at 6 h postinhalation at 0.56 g/10 6 cells, while a peak of 0.29 g/10 A one-compartment model could be fitted to the isoniazid concentrations following inhalation of microparticles, but rifabutin kinetics were not amenable to compartment analysis. Noncompartmental analysis of inhalation data typically resulted in minimization of the SBC and AIC and yielded regression coefficients Ͼ0.92. This was true for data collected after intravenous administration as well.
The model selected for intravenous administration was a single-intravenous-bolus model, while an extravascular-bolus model was used to fit data emerging from inhalation experiments. In general, inhalation resulted in sustained drug concentrations in the serum compared to intravenous injection. The most pronounced effects observed were the enhancement of serum half-life (t 1/2 ), clearance (CL), and the volume of distribution in the terminal portion of the curve (V z ). Maximal plasma concentrations (C max ) resulting from intravenous administration were greater than those observed after inhalation. Pharmacokinetic parameters calculated by noncompartmental fit to the concentration-time data are reported in Table 1 .
Tissue distribution and pharmacokinetics. Tissue pharmacokinetics and a partial biodistribution of the two drugs were established over the time course studied by determining drug concentrations in the lungs (target tissue depleted of alveolar macrophages), livers (as an indicator of metabolism and hepatotoxic potential), and kidneys (as indicators of elimination and nephrotoxic potential) at each sampling point. The results are shown in Fig. 4 in terms of amounts of drug per unit weight of tissue. As expected, both drugs were found to accumulate in the liver following intravenous injection, with amounts found in the kidneys marginally exceeding the levels attained in the lungs (Fig. 4B and D) . Inhalation of microparticles resulted in targeting both drugs to the lungs, with the effect being more pronounced in the case of rifabutin (C) than isoniazid (A).
DISCUSSION
The experiments reported here were primarily focused on providing information on the time course of sustained drug concentration at the target sites, i.e., lung macrophages, the lung lumen, and gross lung tissue. Drug concentrations at nontarget sites, including the blood, livers, and kidneys, reflected "leakage" of the payload to nontarget sites. Inhalation delivery of microparticles was expected to generate a pharmacokinetic ensemble, in which compartment-wise distribution of the drug payload was affected by drug release from microparticles, partitioning, and diffusion of the released drugs from the lung lumen to the bloodstream and subsequent tissue accumulation. Difficulties encountered during attempts to undertake compartment modeling on inhalation data supported this conception, such that noncompartment models fitted the data better. Therefore, noncompartment modeling was used to evaluate FIG. 3 . Serum pharmacokinetics of isoniazid (A) and rifabutin (B) in mice (n ϭ 4/time point) after administration of intravenous injection of 100 g of each drug or inhalation of microparticles containing equivalent amounts. even those data where compartment modeling was successful, such as the case of intravenous administration of free drugs. The results obtained serve to explain in part the unexpectedly high efficacy of inhalable microparticles reported in the literature (33, 34; Sen et al., PCT patent application PCT/ IB2003/004694). Earlier reports have examined whether macrophage activation evoked by phagocytosed microparticles, including the generation of bactericidal free radicals, secretion of proinflammatory cytokines (29) , and induction of apoptotic rather than necrotic cell death (38) , could contribute to bactericidal efficacy. The role of pharmacokinetics in enhancing efficacy has not been considered in the investigations cited above.
Pharmacokinetics may be expected to influence efficacy in two ways. First, maintenance of bactericidal concentrations at the target site can enhance bactericidal efficacy. Second, in a clinical scenario wherein the infection comprises strains with various sensitivities, the EBA of isoniazid can work in synergy with maintained rifabutin concentrations (9, 11, 12) . The formulation of the drug delivery system provides grounds to expect that isoniazid concentrations following inhalation would be initially high and deplete rapidly. Rifabutin concentrations, on the other hand, would be slow to peak as well as to fall. These two drugs differ significantly in solubility-whereas isoniazid is readily water-soluble, rifabutin is not. This difference leads to strong divergence in in vitro drug release profiles, with isoniazid being released much more rapidly than rifabutin (21) . This observation lends useful support to the expected therapeutic action and pharmacological indices (2) of the two drugs: isoniazid has the highest EBA among anti-TB drugs (9) , but this activity ceases rapidly, primarily through emergence of resistance (11, 12) . Maintaining bactericidal concentrations of rifabutin in alveolar macrophages, caseous lesions, and general lung tissue as well as blood is desirable in the case of this drug (3, 4, 31, 32) . Since the inherent physicochemical properties and biopharmaceutics of these two agents lead to just such a situation upon dosing, the principal tasks of the drug delivery system reduce to (i) ensuring a more favorable biodistribution, such that the drugs are targeted to the site of infection and the target organs of toxicity are protected, and (ii) sustaining drug delivery such that the relative pharmacokinetics of the two agents are not modified except for enhancing duration of action. The results indicate that the delivery system fulfils both the above functions.
In vitro studies conducted on cultured cells indicated that the inhalable microparticles used here are amenable to phagocytosis by macrophages and yield sustained intracellular drug concentrations (Fig. 1) . As expected, isoniazid fell to low levels in 24 h and was undetectable after 48 h. Rifabutin levels could be observed for up to 96 h. In the same experimental system, intracellular concentrations of both drugs administered in solution decayed within one-half the time observed in the case of microparticles. These observations suggested that similar time frames should be tracked in vivo, wherein recovery of lung and airway macrophages by BAL was envisaged. Thus, cell culture can serve as a useful tool to suggest residence times and sampling intervals to determine intracellular concentrations in vivo.
An unusual experiment design was adopted for the studies conducted in vivo, since alveolar macrophages were required to be isolated at every time point. There is no way whereby these cells may be recovered by survival surgery, specially from rodents, and therefore it was decided to sacrifice four mice for every time point reported. Mice were selected as the animal model since efficacy studies had been conducted with this species and strain (Sen et al., PCT patent application PCT/IB2003/ 004694). Some concerns accompanied the adoption of this experimental design. Foremost was the issue of interindividual variability. Reduction of variability was sought by using inbred mice, and the results appear to have justified the choice. In most cases, the CV in drug concentrations determined in four samples representing a single time point were within 17%. A few sample groups did display larger variation, specially at the initial time points after dosing (Fig. 2D, 3A , and 4B). Standard deviations from the arithmetic means are therefore plotted to enable realistic appreciation of the data sets.
The approach described above was used to assay drug concentrations in the lung lumen and also within lung and airway macrophages at various time points after administration of intravenous injections or inhalation doses. A dose level of 100 g/animal (rather than mg/kg) was used for convenience since the number of animals was large and surgical procedures were required after every dose. BAL fluid was used as an indicator of concentrations in the lung lumen and mucosa. Since the delivery system is intended for pulmonary delivery, it was not surprising to see 15-to 20-fold-higher drug concentrations in the lung lumen (BAL fluid) at every time point. The study also showed that blood-borne drugs do not readily diffuse out to the mucosal surface of the lungs and are thus not recovered in significant quantities by BAL. The only unexpected result in Fig. 2 was the depletion of intracellular rifabutin concentra- tions to undetectable levels in 96 h, while there was evidently a sufficient supply of the drug in the lung lumen or mucosal surface ( Fig. 2B and D) . It is speculated that this result might have arisen because lung macrophages that had taken up microparticles over the previous 72 h had begun to migrate away from the mucosal surface and fresh infiltration of macrophages had not been expedited during this time. Serum pharmacokinetics of isoniazid and rifabutin after intravenous administration, as depicted in Fig. 3 , and pharmacokinetic parameters listed in Table 1 compare well with the literature (1, 3, 4, 14, 15, 17, 31, 32, 35, 36 ). For instance, isoniazid displayed a t 1/2 of 3.91 h in the present experiments. In humans, this varies between 3.59, 1.61, and 1.02 h in individuals with NAT-2 genotypes corresponding to slow, intermediate, and rapid acylators, respectively (28) . The t 1/2 of rifabutin is reported variously in the region of 16 to 96 h in humans after oral administration (3, 4, 31) . In the present report, a value of 20.18 h after intravenous administration was calculated. Such concordance also indicates the credibility of data obtained from mice administered inhalation doses. Across-theboard enhancement of the area under the concentration-time curve, t 1/2 , V z , and CL, with small differences in C max , confirms that sustained drug release is provided by the delivery system.
Conclusion. Cell culture experiments on intracellular drug concentration provide valuable information regarding in vivo intracellular pharmacokinetics. Inhalable microparticles appear to increase the time frame of action of the drugs incorporated in them by sustained release and drug targeting, as reflected in the pharmacokinetic parameters. The pharmacokinetic profiles of the two agents consequent to oral dosing, as in conventional drug delivery, are not modified apart from increasing durations of action.
